Flavonoid compounds, which are extracted from bark and wood and used commercially, are flavan 3-ols as monomers and their polymers, which are called "condensed tannins". Reactions of the condensed tannins with formaldehyde are the basis for wood adhesives. In the late 1940s, tannin research for wood adhesives was begun and the world-first commercial use of wattle tannin from black wattle (Acacia mearnsii) bark as wood adhesives occurred in Australia in the 1960s. In addition, wattle tannin-based adhesives were further developed in South Africa and the uses of these adhesives have been continuing to date. The success of wattle tannin in wood adhesives is demonstrated by the collaboration of the ACIAR with the CAF in the early 1990s. Although radiata pine bark (Pinus radiata) could be a useful resource for the production of wood adhesives, three problems prevented its use in this application: low extractive yields from the bark, variable quality of the tannin extracts and excessive viscosity of the formulated tannin adhesives. In order to overcome these problems, various extraction methods have been proposed. Studies on tannin adhesives from bark of other pine species are also described. Furthermore, the use of the tannin in the bark without extraction is described as "bark adhesives" from radiata pine and black wattle. The use of radiata tannin without formaldehyde for moulded wood products is also described. Owing to the strong antioxidant activity of flavonoid compounds, bark extracts from French maritime pine (Pinus pinaster, synonym P. maritima) and radiata pine have been commercialized as nutritional supplements: Pycnogenol and Enzogenol, respectively. The background and the development of Pycnogenol and the basic difference in the preparation processes between Pycnogenol and Enzogenol are described. On the basis of the discovery that the SOSA value for wattle tannin is approximately 10 times that of extracts from pine bark supplements (Pycnogenol and Enzogenol), chemical, biochemical and clinical studies on wattle tannin were conducted. Results from these studies are outlined. Wattle tannin has been developed as a nutritional supplement and marketed as Acapolia in Japan.
Flavonoid compounds, which are extracted from bark and wood and used commercially, are flavan 3-ols as monomers and their polymers. When these polymers are heated with mineral acids, they are condensed to form water insoluble precipitates. Therefore, they are called "condensed tannins". In addition, since the condensed tannins react with formaldehyde to form water insoluble polymers, these reactions are the basis for wood adhesives from condensed tannins. On the other hand, "hydrolysable tannins" are readily hydrolyzed in acid to release glucose as a sugar component and gallic acid and/or ellagic acid as acid components. When gallic acid is released, they are called gallotannins, while when ellagic acid is released, they are called ellagitannins. Well-known hydrolyzable tannins include Chinese tannin from galls on leaves of Rhus javanica, sumach tannin from leaves of Rhus coriaria, myrobalans from fruits of Terminalia chebula, chestnut tannin from wood of Castanea sativa and Divi-Divi from fruit pods of Caesalpinia coriaria. Since these tannins do not react with formaldehyde under the usual conditions, they have not been used as wood adhesives.
World annual production of condensed tannins consists of approximately 50,000 tons of wattle tannin from black wattle (Acacia mearnsii) bark, produced in each of South Africa and Brazil and approximately 50,000 tons of quebracho tannin from quebracho (Schinopsis spp.) wood are produced in Argentina, so that the total condensed tannin production is estimated to be approximately 150,000 tons per year.
Black wattle, family Leguminosae, fixes nitrogen from air and is a native of south-eastern Australia and Tasmania. It is one of the fastgrowth species in Australia [1] . In 1864, seeds of black wattle were introduced from Australia to South Africa, where black wattle plantations were established; the plantations had expanded to 360,000 ha by the 1950s, but had decreased to 120,000 ha by 1986 [2] . Furthermore, black wattle seeds were introduced from South Africa to Brazil in 1928, and by1930 commercial plantations had been established and in 1991 the plantation area reached 120,000 ha [3] . In South Africa, plants for wattle tannin extraction plants were established in early 1900 for leather tannin, and tannin production is still continuing to date.
Wood adhesives
In 1918, it was first proposed that tannin can be used as a cure accelerator for phenol formaldehyde resins [4] , but in the later 1940s tannin research for wood adhesives was begun for the first time by Dalton [5] at CSIRO (Commonwealth Scientific and Industrial Research Organization) in Australia. Using bark from black wattle, eucalypt (Eucalyptus crebra), white cypress (Callitris glauca) and black cypress (Callitris calcarata), and woods from eucalypts (wandoo: Eucalyptus redunca, and E. consideniana) Dalton obtained hot water extracts (tannins), with which he investigated the possibility of the use of the tannins as wood adhesives. As a result, tannins from the bark of black wattle, cypress pine and eucalypts (E. crebra) provided water resistant gluing properties, while tannins from eucalypt woods did not show Yazaki satisfactory water resistance. The difference in the gluing properties was due to the difference in the chemical components of the tannins. For example, the tannins from barks were mainly condensed tannins, which can react with formaldehyde, while those from eucalypt woods were mostly "hydrolyzable tannins", which do not react with formaldehyde [5] . In addition, the major component of tannin from wandoo was later identified as a stilbene, which does not react with formaldehyde [6] . Furthermore, when tannins are mixed with water, paraformaldehyde and wood flour, the mixture viscosity was so high that it could not be used as a wood adhesive. In order to solve this problem, Dalton [7] first sulphonated the tannins and then formulated glues using the sulphonated tannins. The glues formulated like this showed much lower viscosities and provided water resistant gluing properties. Continuing this research on the use of tannins as wood adhesives, Hillis and Urbach in 1959 studied basic reaction mechanisms between catechin and formaldehyde [8] and polyphenols and formaldehyde [9] . Subsequently, Plomley et al. [10] reported the glueability of mangrove (Rhizophora spp.) tannin from New Guinea in 1964.
a)
Wattle tannin adhesives Plomley [11] in 1966 established basic technology to use wattle tannin for the production of water resistant tannin adhesives. The world-first commercial use of wattle tannin adhesives occurred in Australia for plywood production in 1966, and then for particle board production in 1968. Since then, wattle tannin adhesives have been used for floor grade and structural particle board production and it is estimated that approximately 8,000 tons of wattle tannin are imported to Australia annually from South Africa.
Owing to the over production of wattle tannin and an increase in chromium tannin, the price of the former fell sharply in South Africa in the 1960s. Under these circumstances, it was urgently required to find new uses of wattle tannin. Bondtite Co. Ltd and others commercialized wattle tannin-based adhesives for the production of particleboard in 1972, plywood in 1974 and fingerjoint products in South Africa and these uses of wattle tannin adhesives have been continuing to date [12] . However, these South African technologies were mainly based on the tannin adhesives technology developed by CSIRO in 1966.
In the light of these experiences in the use of wattle tannin as wood adhesives in Australia and South Africa, the Australian Center for International Agricultural Research (ACIAR) initiated collaboration with the Chinese Academy of Forestry (CAF) in 1985 on research entitled "Wattle silviculture and utilization of tannin extract". Black wattle seeds from near the Australian Capital Canberra were planted in China over approximately 10,000 ha in several Provinces such as Fujian, Sheijian, Jiangxi and Guangxi. The production of wattle tannin was 100 tons/year by 1989. However, tannin production was expected to increase from 300 tons/year in 1991-1992 to 1,000-2,000 tons/year in 1994 [13] . In this study, the molecular size distribution of Chinese wattle tannin was first compared with that of South African commercial wattle tannin and the Chinese product was found to be rather better than the South African product for wood adhesives [14] . Furthermore, results from gluing trials conducted on laboratory [15] , pilot plant [16] and factory scales [17] revealed that the wattle tannin produced in the Chinese factories could be used as structural water proof plywood adhesives. One of the useful and important characteristics for wattle tannin adhesives is that gluing effectiveness is not sensitive to variation in the closed assembly time (the time between coldpressing and hot-pressing) which can be anywhere between 30 minutes and 16 hours. The requirement for greater assembly time tolerance is one of the specific characteristics of gluing conditions. This is largely due to limited hot-pressing capacity in the factories and also to the nature of PF resin adhesives, for which closed assembly time is usually only up to 2 hours. Thus, the results from these trials strongly indicate the great potential for Chinese wattle tannin adhesives to be used in the Chinese plywood manufacturing industry.
b)
Development of radiata tannin adhesives After Dalton's pioneering research, studies on the use of radiata tannin from Pinus radiata bark as wood adhesives was conducted in the 1960s and it was suggested that the radiata tannin could be a useful resource for their production [11, 18] . However, three problems prevented the use of radiata tannin as wood adhesives: low extractives yields from the bark, variable quality of the tannin extracts and excessive viscosity of the formulated tannin adhesives.
The yield of tannin extract from bark varies according to the source, from which part of the tree the bark was taken, the storage conditions, the method of extraction and the extraction conditions. In addition, the tannin yield is affected by choice of solvent, pH, extraction temperature and bark particle size [19] . For example, the tannin yield from hot water extraction of bark increased with increasing pH into the alkaline range. However, once the pH exceeds 10.5 (by addition of NaOH), the A-ring of flavonoids constituting major components of radiata tannin, is rearranged, so that reactivity with formaldehyde disappears and the tannin becomes useless as a wood adhesive [20] . In the 1980s, tannin extraction in New Zealand on an industrial scale failed, and this may have been due to the loss of reactivity described above.
In the Australian industrial operations, an extractives yield of more than 15% was considered to be economical. The viscosity of tannin extracts increases with the increasing yield, but if the solution viscosity is too high, it cannot be used as a wood adhesive. For example, bark was extracted with water at 100°C, 60°C, and 20°C, and the yields of the extracts were 10%, 6% and 2%, respectively. However, the viscosities of their aqueous solutions at 45% solids content and pH 4 were 18,000, 2,800 and 300 mPa.s, so that the hot water (100°C) extract was not usable as a wood adhesive. By means of ultrafiltration analysis, the major factor responsible for the high viscosity was found to be the high molecular weight tannin components [21] .
The variable quality of radiata tannin largely depends on the amount of tannin flavanoid components in the extract and the molecular weight distribution of these components. The tannin (flavanoids) which reacts with formaldehyde is mainly obtained from outer bark, while non-reactive carbohydrate components are from inner bark of radiata pine [19, 21] . Furthermore, at the bottom of a tree, from where thick bark can be obtained, the ratio of outer bark to inner bark is large, while at the top of the tree, the ratio becomes smaller. Therefore, the quality of tannin extract varies according to the place from where the bark was collected from the tree. In addition, when the extraction time increases, the tannin increasingly polymerizes and its number average molecular weight increases. In order to solve this problem, an ultrafiltration technique was applied to separate radiata tannin according to the molecular sizes to obtain more uniform quality tannin fractions. This technique has subsequently been patented [22] . However, since ultrafiltration processes are very expensive, these technologies have not been commercialized for wood adhesives, which are very cheap compared with expensive pharmaceutical products.
Since the 1950s, Hergert [23] has conducted research on extractives from the bark of western hemlock (Tsuga heterophylla), eastern Flavonoid compounds from bark and wood Natural Product Communications Vol. 10 (3) 2015 515 hemlock (Tsuga canadensis), sitka spruce (Picea sitchensis) and douglas fir (Pseudotsuga menziesii) grown in North America. His work concentrated on the chemical and chemical engineering aspects and he established a tannin extraction plant using western hemlock bark at Vancouver, Canada in 1954. However, the plant could not economically produce a tannin of sufficient quality and it was forced to close in 1975. Around this time, the chemical structure of tannins began to be elucidated. In 1988, Hergert received an award at the first North American Tannin Conference and commented as follows: "··, based on 35 years of research and executive experience with forest products utilization, (it is this author's opinion that) additional structural studies are not the route to utilization. (•••••) Rather, work directed towards better and more economical extraction methods seems to be needed". Thus, Hergert strongly emphasized the importance of studies on tannin extraction methods.
In this background, it was attempted to obtain high yields of tannin from radiata pine bark. At first, a sulphite-urea method was used in Chile in 1992 [24] . This method was based on an extraction using hot water containing sulphite, which tannin depolymelizes into smaller molecules while urea prevents repolymerization. In this way, a low viscosity tannin could be obtained. This extraction method has been commercially used in Chile and 500 tonnes of radiata tannin are produced annually. However, this method could not be reproduced in Australia, and an alternative method was developed [25] . This was a squeeze-press method, in which the bark was first extracted with hot water at its natural pH of 3-4, it was then squeeze-pressed to remove as much extract as possible before being extracted again with hot water at pH 8.3, and squeeze-pressed a second time. The hot water extract obtained from the first stage was mostly low molecular weight tannin and the second pH 8.3 extract contained higher molecular weight tannin, which can be sulphited to reduce the viscosity. The squeeze-press method is effective in extracting relatively large size bark (<12.5 mm) with a bark/solvent ratio of one to three (w/w). A single stage extraction gave approximately 6% yield, and three counter current stages of extraction provided a total of extractives yield up to 18%. Results from plywood gluing tests using this tannin extract revealed excellent glue bond quality as good as that using synthetic phenolic adhesives. Since this technology showed industrial promise, its applicability was examined [26] using available resources such as bark samples from 12-year radiata pine trees from Oberon, NSW, Australia; maritime pine (Pinus pinaster) from Mt. Gambier, South Australia; caribbian pine (Pinus caribaea) and slash pine (Pinus elliottii) from Queensland, Australia; and Scotch pine (Pinus sylvestris) and Norway spruce (Picea abies) from Finland. Only the bark extracts of Pinus caribaea and P. pinaster gave high quality wood adhesives. The gluing properties of the adhesives derived from the extracts appeared to be dependent on the content of formaldehyde-reactive polyflavanoids as indicated by their Stiasny values, with a value of 65% being the minimum for producing a high quality adhesive.
Another method of extraction based on defibration was reported in Australia in 1998 [27] . This study used both young (18-23 year) and old (35) (36) (37) (38) (39) (40) year) radiata pine bark. In this method, hammer-milled bark was mixed with boiling water to make a slurry with a water to bark ratio of 6:1. The bark slurry was then defibrated using a Bauer refiner. The defibrated slurry was then filtered through a cloth filter under vacuum to separate the liquor and the bark. This method is characterized by extremely short extraction time, so that selfpolymerization of tannin is prevented and low molecular weight tannins with lower viscosities are obtained. Although the process requires simple grinding of bark and only a single stage extraction, high yields of tannin extracts are obtained containing high amounts of reactive flavonoids. Consequently, the tannin extracts from old bark provided extremely high wood failure (95%) in dry test as well as 75% in wet (72-hour boil) test. Furthermore, this is the first instance that such high quality of gluebond was obtained from extract of young bark, which had previously never provided a satisfactory quality of gluebond. In the final extraction method [28] , radiata pine bark was extracted using hot compressed water with 1% NaOH at 140 and a pressure of 10 atm, followed by immediate cooling. A high (31.3%) yield of tannin extract was obtained. Furthermore, this new method required only one fifth of the amount of solvent and one sixth of energy needed by conventional methods. It was calculated that while conventional extraction methods emit 6,700 kg of CO 2 , the new method generated 1,000 kg of CO 2 for the production of one tonne of tannin extract.
Despite the development of these extraction methods, none of the technologies has yet been commercialized. This is due to the high cost of establishing tannin extraction plants and also due to the availability of cheap wattle tannin from South Africa.
c)
Studies on tannin adhesives from other pine barks In addition to the work carried out in Australia and New Zealand using radiata pine bark, as described above, the following research was reported over the period from the 1970s to the 1990s. Barks from Pinus brutia [29] , which is accumulated in wood processing mills in Germany, southern pine (e.g. Pinus elliottii, P. taeda) [30] in USA, and maritime pine [31] in Spain were all studied with a view to producing wood adhesives. Furthermore, in Germany, Weissman [32] used hot water extraction on bark samples from Pinus brutia (from Turkey), P. oocarpa (Mexico), P. radiata (Chile), P. merkusii (Indonesia), P. nigra (Yugoslavia), and Scotch pine as well as Norway spruce [33] . Pizzi [34] did the same in South Africa using Pinus radiata, P. brutia and P. patula. However, none of these extracts has been used commercially for wood adhesives. One reason for this may be that tannins derived from Pinus species have phloroglucinolic A-rings, which react with formaldehyde 10 times faster than the resorcinolic A-rings of wattle tannin [19, 34] . Thus, the reaction between tannin and formaldehyde during gluing processes is easier to control in the case of wattle tannin. A further reason that makes tannin extracts from the bark of Pinus species more difficult to use in adhesives is the greater reactivity of the tannins, leading to large amounts of highly polymerized flavonoids present as well as produced during the actual extraction process. The result is high extract viscosities and poor control of extract quality. Furthermore, tannin extracts from Pinus species are sensitive to alkali compared with wattle tannin [21] . Thus, tannin extracts derived from Pinus species have major disadvantages compared with wattle tannin for commercial use as wood adhesives.
d)
"Bark adhesives" from radiata pine and black wattle Traditionally in the use of tannins for wood adhesives, the tannins have been extracted from bark or wood using water as solvent. However, an attempt has been recently been made to use tannins without first extracting them from the bark. This attempt was based on the discovery that fine bark particles (<63 µm) consisted of ~70% tannin. Therefore, a technology to use the tannin in solid bark without extraction has been developed for wood adhesives [35] . A plywood adhesive was formulated with bark particles of less than 63 µm (100 parts), paraformaldehyde (10 parts), water (165 parts) and a small amount of aqueous NaOH to adjust the pH to 8. The total solids content was maintained at approximately 40%. In addition, the paraformaldehyde can be replaced by phenol-516 Natural Product Communications Vol. 10 (3) 2015 Yazaki formaldehyde (PF) resin, so that the quality of the bark-based adhesive is further improved and a more uniform quality of adhesives is obtained [36] .
e)
Moulded products using tannin without formaldehyde Since radiata tannin has a high reactivity, an attempt was made to use it without addition of formaldehyde for wood adhesives. This arose from the finding that when tannin aqueous solution was heated to 180 , the tannin solidified and became insoluble in any organic solvents. This was due to the self-condensation and polymerization of tannin [28] . When dry radiata tannin powder and radiata wood flour (1:1, w/w) were mixed and moulded at 190 and 100 MPa for 10 minutes, plastic-like moulded products were obtained. The products had a modulus of elasticity (MOE) of 9 to 10 GPa and modulus of rupture (MOR) of 60 to 70 MPa. In addition, an aqueous tannin-impregnated wood flour was prepared by freeze-drying and having the same 1:1 w/w composition as the powdered product. When this material was moulded, the MOR of the product increased by more than 10% over that from the dry powder mixture and also the product showed water resistance (72 hour boiling test) similar to that of PF resin moulded products [37] . Thus, these studies indicated that moulded products, which have similar strength to that of PF moulded products can be made from 100% renewable resources, and it is expected that this technology can be applied to other panel productions.
f)
Tannin adhesives in structural and external applications Owing to ecological and environmental pressures, the increasing demand for wood, and the diminishing supply of high quality largediameter logs, the production of reconstituted wood products plays an increasingly important role in the efficient utilisation of forest resources. Hence there is a need for wood adhesives for reconstituted wood products such as plywood, particleboard (PB), laminated veneer lumber (LVL), medium density fiberboard (MDF), laminated beams and so on. Phenol-(PF), resorcinol-(RF), tannin-(TF), melamine-(MF) and urea-formaldehyde (UF), and their combinations such as PRF and MUF, and water based polymer isocyanate adhesives are used in the reconstituted wood manufacturing industry. According to the Australian Plywood Bond Type Classification (8), gluelines bonded with synthetic phenolic (PF and RF) and natural tannin (TF) adhesives are classified as type A which can pass a 72-hour boil test [38] . These gluelines can be expected to survive for more than 50 years under fully exposed and long term stress. Wood adhesives based on PF, RF and TF or their combinations have been recognized as being most suitable for producing wood-to-wood bonding for external and structural applications [39] . Furthermore, the reaction rates of condensed tannin adhesives, which are based on flavan 3-ols from bark and wood of trees are much faster than those of synthetic phenolic adhesives, and also the water resistance of the tannin adhesives is as high as that of synthetic phenolic adhesives, so that these tannin adhesives are suitable high performance structural wood adhesives. Therefore, it is hoped that studies on further development of the tannin adhesives and their utilization will be made in the future.
Health foods/Nutritional supplements
According to information released by the National Institute of Health and Nutrition (NIHN) in Japan [40], health foods are any foods, which are generally believed to be "beneficial for human health" and sold to the public, but there is no clear definition of the term. Furthermore, according to the National Consumer Affairs Center of Japan, health foods are any foods which are expected to be "good for your health and positively taken by consumers, except medical and pharmaceutical drugs". In the Information System on Safety and Effectiveness for Health Foods at the NIHN, 361 raw materials (components) for health foods were listed in December 2009, in which only one pine bark extract is included as a flavonoid raw material from bark and wood. This is a bark extract from French maritime pine (Pinus pinaster), whose trade names are generally known as Pycnogenol and Flavangenol in USA and Japan, respectively.
(a) Pycnogenol from bark of Pinus pinaster (synon. P. maritima) Pycnogenol consists of a bark extract from French maritime pine, which grows on the sandy soil of the coast of Landes de Gascogne in the south west of France. Since Biscay Bay was eroded into a sandy desert, the French maritime pine had been planted in order to regenerate the Bay [41] . In 1751 this French maritime pine plantation was described in the literature under the name of "Landes de Bordeaux". Furthermore, in 1910 the Encyclopaedia Britannica 11 th Edition described that Pinus pinaster grew much better than any other tree species on the coastal sandy soil and it was the best tree species to protect coastlines from desertification [42] . It is also known that the maritime pine grows well in West Australia and South Australia [43] .
Two American patents [44] describe the extraction from bark of the components of Pycnogenol. In the process, ground French maritime pine bark (100 kg) was treated with boiling water (350 L) for 12 hours and squeezed to obtain an extract solution (250 L). This was cooled down to 20 , filtered to obtain a filtrate, to which sodium chloride was added until saturated and again filtered. The filtrate was extracted with ethyl acetate in a ratio of the filtrate to the organic solvent of 10:1, v/v, and this process was repeated three times to obtain an ethyl acetate soluble fraction. To the ethyl acetate soluble solution thus obtained anhydrous sodium sulphate was added to remove water, and the ethyl acetate was evaporated under vacuum to concentrate the solution to one fifth of its original. When this concentrated solution was added with stirring to three times its volume of chloroform, a procyanidin precipitate was obtained. This precipitate was collected by filtration, dissolved again in ethyl acetate and purified by reprecipitation with chloroform.
A yield of approximately 5 g of purified precipitate was obtained from 1 kg of bark. The purified light beige powder is readily soluble in water and ethyl alcohol, insoluble in chloroform, 1,3 butadiene, light petroleum and ethyl ether, and preservable in a dry bottle at room temperature for an unlimited period. When the product was heated under reflux with 10% hydrochloric acid, the solution turned dark red. When this red solution was mixed with isoamyl alcohol, the red color was transferred to the organic layer and showed the physical and chemical properties of anthocyanidins. The chemical composition of this product consists of 80~85% proanthocyanidins, 5% catechin and epicatechin, 2~4% caffeic, ferulic and other organic acids, up to 8% water and the balance impurities.
The physiological activity of Pycnogenol is derived from its strong antioxidant properties. Antioxidant activity was assessed in terms of hydroxyl and superoxide anion radical scavenging activities determined using an ESR spectrometer for the following antioxidant materials:
i. Green tea extract (the highest grade) obtained from Kyoto The highest hydroxyl radical scavenging activity was found to be Green tea extract (i), followed by GNLD-flavonoid blend with ascorbate (v), Pycnogenol (iii), GNLD-flavonoid blend without ascorbate (vi), β-catechin (vii), Gingko biloba extract (iii) and bionormalizer (iv) in descending order. Furthermore, the samples were also treated with ascorbate oxidase enzyme and their radical scavenging activities were again determined. As a result, the descending order of the activities was (i), (ii), (v), (vi), (iii), (vii) and (iv), in which Green tea extract (i), flavonoid blends (v and vi), and β-catechin ((vii) lost significant amounts of their scavenging activities. This result strongly indicates that these samples are very likely to contain ascorbic acid. However, Pycnogenol did not show any decrease in its radical scavenging activity. Further, all the samples were fractionated by ultrafiltration into fractions with molecular weights of less than 100,000 and less than 10,000. The superoxide radical scavenging activities were then redetermined. For both fractions (MW<100,000 and <10,000), the descending order of activities was found to be (i), (v), (ii), (vi), (iii), (vii) and (iv), in which the activity of Pycnogenol (MW<10,000) was found to have decreased to two thirds of that of the fraction (MW<100,000). This result strongly suggests that the major activity is in the fraction having MWs between 10,000 and 100,000. Finally, all the samples were treated with hot water (100 ) for 10 minutes and hydroxyl radical scavenging activities were redetermined. All the samples showed a decrease to half of their original activities, except Pycnogenol whose activity was unaffected. Hence, Pycnogenol showed strong resistance against heat and against ascorbate oxidase enzyme, so that it maintained strong antioxidation activity [45] .
Strong superoxide anion radical scavenging and antiinflammatory activities of Pycnogenol were studied by Blazso et al. [46] . Gelfiltration with Sephadex LH-20 was used to fractionate purified extract from French maritime pine bark according to molecular sizes as follows: 1) monomer flavonoids (taxifolin, catechin and epicatechin) and phenolic acids (caffeic, ferulic and vanillic acids), 2) procyanidin dimers (B-1, B-3, B-6 , B-7, and etc.), trimers, tetramers and 3) oligomers greater than tetramers. The radical scavenging and antiinflammatory activities of those fractions were determined. All the samples showed strong activities but particularly the oligomer fraction greater than tetramers showed the strongest activities. Furthermore, it was found that there was a strong correlation between free radical scavenging activity and antiinflammatory activity (r=0.992).
In addition, Pycnogenol has strong effects on blood circulation and immune reactions. These effects are basically due to Pycnogenol's high antioxidant activity which scavenges reactive oxygen species and nitric oxide free radical, and also to Pycnogenol's reactivity with proteins, particularly with various enzymes, so that enzyme reactions are inhibited. More detailed information on Pycnogenol can be obtained from a wide range of review articles and books [47].
b)
Enzogenol from Pinus radiata bark Following Pycnogenol, "Enzogenol" [48] was developed as a nutritional supplement from flavonoid compounds in radiata pine (Pinus radiata) bark by Canterbury University in New Zealand. Whereas Pycnogenol was obtained by a combination of hot water and organic solvent extractions as well as purification, in the case of Enzogenol, only hot water extraction of the bark is used. The hot water extract is purified by microfiltration with a 1 µm pore size membrane, followed by ultrafiltration to obtain a final 1,000~5,000 Dalton molecular weight fraction, which is then freeze-dried to provide the raw material for formulating Enzogenol. The extract product thus obtained contains low molecular weight polyphenols such as (+)-catechin, (+)-gallocatechin, (+)-dihydroquercetin (taxifolin), quercetin, myricetin 3,5,3´,4´-tetrahydroxystilbene (astorigenin), its 4´-β-O-glucoside, and procyanidins B-1, B-3, B-6 and trimer C-2. This composition is very similar to that of the purified extract from French maritime pine bark. Furthermore, young bark from middle to top parts of 15 years old young trees, which have thin outer bark, was found to be the most suitable for this purewater extraction method, resulting in a yield of purified extract of 6.5~9.6% [48] . Incidentally, this purification method is based on the technology developed by CSIRO for the production of uniform quality wood adhesives from radiata pine bark in the 1980s [49] .
Wood et al. [50] determined superoxide radical scavenging activities of radiata pine bark extract (Enzogenol), French maritime pine bark extract (Pycnogenol), grape seed and skin extracts, catechin, trolox and ascorbic acid (vitamin C) in a hypoxanthinexanthine oxidase system using NBT and WST-1 assays. The results revealed that Enzogenol and Pycnogenol, which are bark extracts from Pinus species, showed stronger superoxide radical scavenging activities than those of vitamin C and trolox. In addition, the grape skin extract showed relatively weak antioxidant activity, which was marginally more effective than that of trolox. In further studies [51], Enzogenol (240 mg) and vitamin C (120 mg) were taken by 24 people (14 males and 10 females 55-75 years old) twice a day for 12 weeks. In this trial, blood samples were taken at the start, after 6 weeks and again after 12 weeks and plasma samples were analyzed for protein carbonyl concentrations in order to determine protein oxidation by an ELISA method. In addition, DNA damage reduction was determined by isolated peripheral blood mononuclear cells using the alkaline Comet assay. It was found that the protein carbonyl concentration was decreased significantly by taking the supplements for 6 weeks and 12 weeks. DNA damage reduction was detected after 6 weeks, but was significant after 12 weeks. Thus, these clinical studies show Enzogenol to be good for health. In a 12 weeks study [52] of 44 chronic smokers, 22 received Enzogenol (480 mg) with vitamin C (60 mg) and 22 took only vitamin C (60 mg). Endothelial function and biochemical markers of oxidative stress and inflammation were determined and compared for these groups. The endothelial function (assessed by flow-mediated vasodilation) improved in both groups but the protein carbonyl level for the group, who took both Enzogenol and vitamin C decreased significantly compared with that of the control group (vitamin C only). In addition, when twelve heavy migraine sufferers took 10 tablets daily each containing Enzogenol (120 mg), vitamin C (60 mg) and natural vitamin E (30 IU) for 3 months, both headache frequency and headache severity reduced significantly [53] . In a study of cognitive performance [54] , twenty-two males aged 50-65 years took Enzogenol (960 mg) with vitamin C (120 mg) daily for 5 weeks, while a control group of 20 males aged 50-65 years took only vitamin C (120 mg). The aspects of cognitive performance analyzed were contextual memory, immediate recognition, simple reaction time, choice reaction time, complex visual vigilance, spatial working memory and delayed recognition memory. The speed of response for the spatial working memory and the immediate recognition for the group who took Enzogenol with vitamin C improved significantly compared with those of the control, who took only vitamin C. Furthermore, Duncan [55] has produced a source of information specifically on Enzogenol. He describes the role of traditional medicines from tree bark, gives a general introduction to flavonoids, free radicals, Enzogenol from radiata pine, the significance of Enzogenol as an antioxidant, as well as results of animal tests for long life and stress relief.
Yazaki c) Acacia polyphenols from Acacia mearnsii bark (Acapolia) The price of Enzogenol is high in both Japan and Australia. This is most probably due to the very low yield of only 5% [51b] achieved commercially for the biologically active compounds from the radiata pine bark, while during development, yields were 6.5~9.6% of the weight of dried bark according to the patents [48] . The achieved yield is low because the quality required of the products specifies a particular ratio of flavonoids to carbohydrates and also a particular molecular weight (MW) distribution of the extract and this is achieved partly by selecting the age of the trees and the location of the bark source on the tree, as well as through the use of the very expensive process of ultrafiltration.
In a collaborative program between Japan and Australia, it was found that hot water extraction of radiata pine outer bark alone gave procyanidins as a main tannin, while extraction of the inner bark alone provided mainly carbohydrates and a small amount of low MW procyanidins. The latter accelerated mycelium growth of wood decay fungi [56] . The yields of both extracts from outer and inner bark were more than 20% each. Based on this finding, a procedure was adopted by separating inner bark from outer bark immediately after felling and debarking the trees, and without any consideration of tree age and bark location. The inner and outer barks were extracted separately with hot water and both extracts were dried. These dried extracts were then recombined according to the desired ratio, so that the product was very similar to that of Enzogenol. Thus, radiata pine bark extract, which was very similar to Enzogenol could be readily obtained with a yield of 20%. Then, the superoxide scavenging activity (SOSA) of the extract thus obtained was determined by the Japan Food Research Laboratory. For comparison, the SOSA values of wattle tannin (hot water extract from Acacia mearnsii bark, which was imported from South Africa for use as a bench mark control adhesive for adhesives studies in Australia), ethanol and methanol solubles from wattle tannin, vitamin C, catechin, and Enzogenol, Pycnogenol and Flavangenol were also determined. The results are summarized below ( Table 2) . As a result, the SOSA values were 1,900, 2,400, 2,100, 360, 340, and 190 (x 10 3 unit/g), respectively [57] . Table 2 : SOSA values of wattle tannin and its methanol and ethanol soluble fractions compared with those of vitamin C, catechin, and Enzogenol, Pycnogenol and Flavangenol.
*: unpublished data
These results show that the SOSA value for wattle tannin is 5~7 times that of vitamin C and catechin, and also approximately 10 times that of extracts from pine bark supplements (Enzogenol, Pycnogenol and Flavangenol). This suggests wattle tannin as a powerful antioxidant nutritional supplement. However, it has never been listed for human consumption. It was thus necessary to confirm toxicity and safety of the Acacia bark extract (wattle tannin). Thus the Japan/Australia collaboration program began to investigate wattle tannin more closely.
Basic microbiological tests were first carried out on wattle tannin. LD 50 values for male and female were respectively 4,468 mg/kg and 3,594 mg/kg in the acute toxicity test using mice and with intake up to 3,000 mg/kg, no deaths were recorded. In addition, 156~5,000 µg wattle tannin/plate was tested with Escherichia coli WP2 uvrA and four Salmonella typhimurium TA strains, but no increase in colony numbers of the strains were detected in the mutagenicity test (Ames test). It was also shown that the results of chromosomal aberration tests for wattle tannin were negative [57] . Based on these results, further biological tests using mouse, rat, Guinea pig and rabbit were performed. Factors investigated included inhibition of blood sugar increase, body fat reduction, anti-oxidation, anti-fatigue, menopausal syndromes, enhancing blood circulation, inhibition of cancer and anti-itching. At the same time the toxicity was tested on rats when wattle tannin was given continuously for 4 and 13 weeks, and a micronucleus assay was carried out on mice. The results of all animal tests were very encouraging. Subsequently, human safety evaluation studies were carried out in healthy male adults using the Acacia polyphenol (AP) dietary supplement developed in Japan and marketed as ACAPOLIA ® [58] . Two studies were conducted on a single-dose intake of AP in the range 250-1500 mg using a total of 25 individuals. Two further studies were conducted on a total of 47 individuals with daily dosing of AP in the range 250-1000 mg/day over four weeks. These studies revealed that the intake of the dietary supplement in daily doses up to 1,000 mg of AP was safe in healthy male adults.
The chemical components of wattle tannin, particularly the chemical structures of its major compounds, have been elucidated by the comprehensive studies of Prof. Roux and his group in South Africa [59] . On the other hand, biological and physiological studies of wattle tannin had not been made until recently. However, it was recently found that wattle tannin strongly inhibited activities of lipase and α-amylase [60] . Furthermore, the separation of wattle tannin using column chromatography and the analyses using 13 C NMR and MALDI-TOF-MS revealed that the active component for enzyme inhibition was mainly proanthocyanidin oligomers having 5-deoxyflavan 3-ol units. At the same time 4´-Omethylrobinetinidol 3´-O-β-D-glucopyranoside, fisetinidol-(4α-6)gallocatechin and epirobinetinidol-(4β-8)-catechin were isolated as new compounds [61] .
In another study [62] obese diabetic (KKAy) mice were fed with either regular low-fat diet, high-fat diet or high-fat diet plus 2.5% or 5.0% wattle tannin for 7 weeks. Body weight, blood sugar and insulin were measured. In addition, mRNA and protein expression of obesity/diabetic suppression-related genes were measured in skeletal muscle, liver and white adipose tissue. The body weight, blood sugar and insulin of mice fed with wattle tannin decreased significantly compared with those of mice not receiving the wattle tannin. Furthermore, mRNA expression of energy expenditurerelated genes (PPARα, PPrδ, CPT1, ACO and UCP3) in skeletal muscle was significantly higher for the mice fed with wattle tannin. Protein expressions of CPT1, ACO and UCP3 for those mice fed with wattle tannin were significantly higher than those on the highfat diet without wattle tannin. In addition, wattle tannin decreased the expression of fat acid synthesis-related genes (SREBP-1c, ACC and FAS) in the liver. Also, wattle tannin increased mRNA expression of adiponectin and decreased expression of TNF-α in white adipose tissue. Hence, the anti-obesity effects of wattle tannin are very likely due to increased expression of energy expenditurerelated genes in skeletal muscle, and decreased fatty acid synthesis and fat intake in the liver.
The itching in atopic dermatitis is caused by a decrease of ceramide and by a dryness of the skin [63] . Wattle tannin was found to decrease the expression of mRNA ceramidase enzyme and thus, a decrease in the level of ceramide in the skin, as well as dryness, were avoided and itching was improved as a result.
Recently, a clinical study was carried out to investigate the effects of Acacia polyphenol (AP) on glucose and insulin responses to an Flavonoid compounds from bark and wood Natural Product Communications Vol. 10 (3) 2015 519 oral glucose tolerance test (OGTT) in non-diabetic subjects with impaired glucose tolerance (IGT) [64] . A randomized, doubleblind, placebo-controlled trial was conducted with a total of 34 enrolled subjects. It was found that the AP supplement may have the potential to improve glucose homeostasis in subjects with IGT, and neither AP supplement-related adverse side-effects nor any abnormal changes were observed.
Finally, according to the most recent "Information System on Safety and Effectiveness for Health Foods" published by the Japan National Institute of Health and Nutrition [65], Acacia polyphenol (wattle tannin) from black wattlebark is listed as safe for use in health foods.
Concluding remarks
In the utilization of flavonoid compounds from bark, firstly wattle tannin from black wattle bark has been used as a wood adhesive for some time and radiata tannin from radiata pine bark is being developed with a view to use in wood adhesives. Secondly flavonoid compounds from French maritime pine and radiata pine barks have been commercialized as health foods available as Pycnogenol and Enzogenol, respectively, while Acacia polyphenol (wattle tannin) has more recently been commercialized as ACAPOLIA. It is interesting to note that in the use as wood adhesives, hydroxyl substitution in the A-ring of flavanoid compounds is responsible for the reactivity with formaldehyde; while in the use as nutritional supplements, the hydroxyl substitution in the B-ring of the flavonoid compounds is responsible for the antioxidant activity.
